Introduction
The rich variety of effects caused by hydrogen in semiconductors was first recognized in ultra-pure germanium during the development of this material for large volume gamma ray and particle detector diodes) In the early 1980s. after the discovery of effective acceptor passivation in silicon by hydrogen.2) the topic of hydrogen in semiconductors became a major solid state research activity. A large body of experimental findings and theoretical results have accumulated and have produced a rather complete picture of the role of hydrogen in silicon and to a lesser degree in germanium. These findings have been reviewed in detail}) This brief review focuses on the state of the understanding of the complex nature of hydrogen in compound semiconductors. As may be expected. hydrogen is understood best in the most highly developed compound semiconductorGaAs. The compounds GaP and InP have also been investigated in regard to properties of hydrogen and related effects. Only a small number of studies on group IINI compound semiconductors have been reported in the literature despite the fact that these semiconductors have recently attracted much interest because of their promise for the fabrication of blue light emitting diodes and lasers.
1 For this review I have chosen recent results which appear unambiguous. This will naturally lead to a preference for articles reporting spectroscopic studies. This preference is perhaps further enhanced by the author's personal experience and interest. Very little will be said about the various techniques used to introduce hydrogen into semiconductors, about hydrogen on surfaces, about high energy proton implantation with the resulting radiation damage, or about theory. These are topics which would each require their own, dedicated review.
The discussion of hydrogen in a semiconductor can be subdivided into three sections: isolated hydrogen with its location and charge states; motion of hydrogen dominated by diffusion or electric field drift; and interaction of hydrogen with impurities and defects leading to formation of complexes and dopant passivation. I will attempt to address these three points in the following sections for BIN and II/Vl/semiconductors. Work predating -1990 has already been reviewed 3 ,4) and I will focus on more recent contributions. I will refer to earlier contributions only where necessary for a general understanding.
II. Hydrogen in Group IlIN Compound and Alloy Semiconductors
In close analogy to silicon one finds a large number of acceptor-hydrogen and donor-hydrogen complexes in group IIIN semiconductors. Infrared spectroscopy has been the major tool for "establishing the structure and the composition. of such complexes.
Substitution of hydrogen with deuterium leads to a reduction of hydrogen stretch vibrational mode frequencies by a factor close to but a little smaller than. (2. Early studies of hydrogen passivation concentrated on n-type GaAs. Direct binding of hydrogen to the donor was established through local vibrational mode spectroscopy3) ( Fig. la) .
Carbon-hydrogen in GaAs is by now perhaps the most thoroughly studied acceptor- Kozuch et al. 9 ) have studied carbon acceptor passivation in heavily doped metal organic molecular beam epitaxy (MOMBE) and metal organic vapor phase epitaxy (MOVPE) grown layers. One of the major questions concerns the source of the hydrogen which passivates the carbon acceptors. Is it the hydrogen from the metal organic compounds or from the carrier gas? In epilayers grown by the MOMBE technique only 3-12% of the carbon acceptors were passivated when He carrier gas and a trimethylgallium source were used. For H2 carrier gas the fraction of passivated C rose to 25%. In samples cooled in AsH3 down to 450°C and then in H2 down to 100°C the passivated carbon acceptor fraction rose to 60%. For the technologist it is important to know that a brief annealing cycle to -500°C in the absence of hydrogen reactivates all the carbon acceptors. After hydrogenation of InAs layers on GaAs substrates they measured an increase in the free carrier concentration by one order of magnitude. This "inverse" effec"t is attributed to the passivation of structural defects at the interface which compensate a major fraction of the dopants. For progress in the theoretical treatment of hydrogen in GaAs the reader is referred to the work by Pavesi and Gianozzi. 29 )
III. Hydrogen in IINI Semiconductors
As early as 1954 Mollw0 30 ) studied the effects of exposure of ZnO to high pressure H2 gas at elevated temperatures on electrical conductivity and luminescence. The green luminescence was reversibly quenched in crystals exposed to 20 atm H2 at 500°C. A pronounced increase in electrical conductivity was observed under similar hydrogen treatment. Mollwo correctly interpreted his results as in-and out-diffusion of hydrogen.
What he called a "reaction" leading to an electron concentration increase may simply have searched for a clear signature of N-H complexes. We are very pleased to report that two vibrational modes which can clearly be attributed to N-H have been observed with IR transmission and Raman spectroscopy in ZnSe:N layers which were grown on GaAs substrates at 350°C under intense illumination}3) IR 'absorptionspectroscopy was performed at 9K with a Fourier transform ~pectrometer operated at resolution of 0.5 cm-I . Fig. 2 shows the local vibrational mode peaks at 3194cm-1 and 783 cm-I . The high freque~cy peak is assigned to a N-H stretch vibration while the low frequency mode may be due to a wag mode of N-H. We propose one of the structures shown in Fig. 2 With the omnipresence of hydrogen in most semiconductor processing steps starting with crystal growth, it appears prudent to study the properties of this impurity most carefully under a wide variety of circumstances. The low stability of many hydrogenimpurity complexes cannot be taken as a guarantee that all hydrogen related effects are irrelevant to semiconductor technology. Such an assumption is both unwise and potentially dangerous. 
